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Background
Multiple genome-wide and candidate gene association studies have been performed in search of common risk variants for breast cancer. Recent large meta analyses, consolidating evidence from these studies, have been consistent in highlighting the caspase-8 (CASP8) gene as important in this regard. In order to define a risk haplotype and map the CASP8 gene region with respect to underlying susceptibility variant/s, we screened four genes in the CASP8 region on 2q33-q34 for breast cancer risk.
Methods
Two independent data sets from the United Kingdom and the United States, including 3,888 breast cancer cases and controls, were genotyped for 45 tagging single nucleotide polymorphisms (tSNP) in the expanded CASP8 region. SNP and haplotype association tests were carried out using Monte Carlo based methods.
Results
We identified a three-SNP haplotype across rs3834129, rs6723097 and rs3817578 that was significantly associated with breast cancer (p<5×10 -6 ), with a dominant risk ratio and 95% confidence interval of 1.28 (1.21-1.35) and frequency of 0.29 in controls. Evidence for this risk haplotype was extremely consistent across the two study sites and also consistent with previous data.
Conclusions
This three-SNP risk haplotype represents the best characterization so far of the chromosome upon which the susceptibility variant resides. 
INTRODUCTION
The caspase-8 (CASP8) gene is one of only three genes identified as possessing common variants with strong and noteworthy associations with breast cancer risk based on cumulative evidence from candidate gene and genomewide association studies [1, 2] .
Similarly, pooled-and meta-analyses focusing on CASP8 specifically have indicated strong associations with breast cancer [3] [4] [5] . In particular, these refer to the highly significant association of the minor allele at D302H in exon 12 (rs1045485) and decreased risk. Some data suggests that another variant, a 6-bp deletion in the CASP8 promoter (−652 6N del, rs3834129) is associated with breast cancer, although the evidence for this variant is much less consistent [6, 7, 8] . There is no known functional effect of rs1045485 [9] , and it is very rare in Asian populations. The del allele of rs3834129 has been suggested to remove an Spl transcription binding site, although functional data on the effects of this change in lymphocytes are conflicting [6, 9] .
Evidence thus far suggests that it is likely that other variant/s in linkage disequilibrium (LD) with rs1045485 and/or rs3834129 will be the critical variant/s. CASP8 resides at chromosome 2q33. Two other genes, caspase-10 (CASP10) and amyotrophic lateral sclerosis 2 (juvenile) chromosome region candidate 12 (ALS2CR12), lie directly adjacent to CASP8. Like CASP8, CASP10 is an initiator of apoptosis, and the CASP10 V410I variant has been reported to be associated with breast cancer [10] .
Another gene, called 'CASP8 and FADD-like Apoptosis Regulator' (CFLAR) lies centromeric to CASP10. It is a member of the same gene family as CASP8 and CASP10, but acts as a negative regulator of apoptosis [11] . Given their physical proximity to CASP8 and functional relevance (CASP10/CFLAR), the critical variants could reasonably lie in any of these four genes.
We previously genotyped 14 tagging-SNPs (tSNPs) in CASP8 on 2,450 breast cancer case and control subjects from the Sheffield Breast Cancer Study (SBCS) and identified a four-SNP risk haplotype (1-1-2-1 across SNPs rs7608692, rs1861269, rs6723097, rs3817578; p = 8.0×10 -5 ), with a per allele OR (95% CI) of 1.30 (1.12-1.49) [12] . This haplotype was substantially more significant than any individual SNP, and was consistent with previous findings (i.e. the common (aspartate) allele at rs1045485, and the ins allele of rs3834129, are associated with the increased risk haplotype). The aim of the current study was to consider the broader four gene region and refine the risk haplotype upon which the susceptibility variant/s lie. Here, we have studied 3,888 breast cancer cases and controls from two collaborating sites, genotyped for 45 tSNPs across the four genes in the CASP8 region at chromosome 2q33-q34. and the average uptake in Sheffield is >80%. Women whose mammograms showed no evidence of breast lesions were eligible as controls for this study and median age at recruitment (range) was 57 (45-78) years. Eleven percent of SBCS controls had at least one first degree relative with breast cancer [13] . The UBCS set consisted of 905 breast cancer cases identified using the Utah Population Database (UPDB) and confirmed and ascertained through the Utah Cancer Registry; median age at diagnosis (range) was 56 (21-92) years and 41% of UBCS cases had at least one first degree relative with breast cancer. Controls (n=934) were birth cohort-and sex-matched cancer-free individuals, and 2% of these had at least one first degree relative with breast cancer. Using genealogy from the UPDB, it was established that 208 cases and 564 controls were singletons and the remaining individuals were members of 31 extended pedigrees; although most We excluded individuals with genotype call rates <80%, resulting in a total sample of 1,882 cases and 1,896 controls included in the genetic analyses.
For replication of significant single SNPs, we used a replication cohort comprising cases with a strong family history of breast cancer and control subjects from Manchester, UK.
The cases comprised 713 subjects fulfilling the NICE criteria for BRCA1 and BRCA2 screening (>20% risk of mutation), but negative for BRCA1 or BRCA2 mutations as determined by DNA sequence analysis of coding regions, and multiplex ligationdependent probe amplification to detect deletions and duplications. The 236 control subjects had no cancer and no immediate family history of breast cancer. All cases and controls were unrelated white British women.
Selection of tSNPs and Genotyping
We identified 60 tSNPs in the four genes for genotyping using LDselect [14] Table S1 ).
Statistical Analyses
In order to account for familial relatedness in the UBCS subjects, all analyses were carried out using the meta-association options in the Genie (single SNPs) and hapConstructor (haplotypes) software packages which use Monte Carlo testing to derive empirical estimates of significance and 95% confidence intervals [16, 17] . Odds ratios, confidence intervals and significance tests for individual SNPs were derived based on allele dose, dominant and recessive models. HapConstructor is a data-mining algorithm that builds multi-SNP haplotypes based on association evidence. Starting with evidence from single SNPs, the process adds or removes SNPs using a forward-backwards algorithm. Each step includes tests for dominant, additive, and recessive models for each haplotype. The process continues, provided pre-defined significance thresholds are met with each step. The results from the data-mining are the haplotype, genetic model, risk ratio and p-value. The significance thresholds used for the haplotype construction process were 0.05, 0.005, 0.0005, 0.0001 for haplotypes of one to four SNPs, respectively, and 0.00005 thereafter. Haplotypes were estimated via the estimation maximization algorithm, and any missing genotypes were internally imputed. All p-values were estimated using between 100,000 and 500,000 simulations. Observations more extreme than all simulated data sets were designated p<1/simulations. Table 1 and Figure 1 Table S2 and Figure S1 show the most significant evidence for each tSNP (based on dominant or recessive models). Three of the 45 tSNPs showed at least nominally significant association with breast cancer (p trend <0.05) in single SNP meta-association analyses across the two sites (rs3769821, rs6723097, rs700635 Table 1 and Figure 1 ). As illustrated in Figure 1 , the most significant single SNPs cluster in CASP8 and AL2CR12, with rs3769821 in CASP8 being the most significant, with OR per-allele (95% CI) of 1.17
RESULTS
Single SNP analyses
(1.05-1.30; p=0.0032; Table 1 ) and OR dom of 1.28 (1.21-1.38; p=5.3×10 -4 ; Table S2 ).
For confirmation, we genotyped the three most significant tSNPs in a cohort of unrelated familial cases negative for mutations in BRCA1 or BRCA2 from Manchester, UK and local controls. Nominally significant results were replicated for rs3769821 (p trend = 0.042) and rs6723097 (p trend = 0.014).
Haplotype analyses
HapConstructor analyses for the genes CASP8 and ALS2CR12 identified highly significant risk haplotypes (p<5×10 -6 and p<1×10 -5 , respectively). No significant haplotypes (p<0.001) were identified in the downstream genes CFLAR or CASP10.
The most significant risk haplotype with greatest effect size in CASP8 was a six-SNP haplotype 1-2-1-1-1-1 across rs3834129, rs6723097, rs3817578, rs7571586, rs36043647 rs3834129-rs6723097, rs3834129-rs3817578 and rs6723097-rs3817578, respectively).
Thefindings for CASP8 are consistent in direction with previous single SNP results for rs3834129 [6] and rs1045485 [3] [4] [5] , that is, the rs3834129 ins allele and rs1045485 aspartate allele are on or in LD with the risk haplotypes. Similarly, they are consistent with the risk haplotype we defined in our previous single-site SBCS analyses (1-1-2-1 across rs7608692, rs1861269, rs6723097, rs3817578; 
Discussion
Previously, we defined a four-SNP risk haplotype in CASP8 based on an analysis of 14 tSNPs and data from a single site (SBCS) [12] . Here, we provide a more thorough interrogation of a broader region using 45 tSNPs across four genes on chromosome 2q33 genotyped in two independent data sets (SBCS and UBCS). Two single-SNP results were additionally replicated in a third set of familial cases without BRCA1 or BRCA2 mutations. We have identified a common three-SNP risk haplotype in CASP8 that drives the association evidence at both sites and results in a highly significant meta-association finding (p<5×10 -6 ; OR dom =1.28; freq control =0.29). Evidence from multi-gene analyses indicates haplotypes that are centered in CASP8, and continues to confirm the involvement of CASP8 in risk to breast cancer. The consistency of results across two independent sites lends robustness to the finding and credibility and to the risk haplotype.
A recent genome-wide association study identified that the CASP8 region is associated with melanoma risk, and there are reports that it is also associated with other cancers including chronic lymphocytic leukaemia and pancreatic cancer [18] [19] [20] . These observations suggest that this region may be of broader interest for cancer in general. The risk haplotype provides a strong foundation for re-sequencing efforts by refining the haplotype upon which the susceptibility variant likely resides. Identification of the critical underlying risk variant may prove useful for individual-level risk prediction, aid in deciphering the role of CASP8 in risk of other cancers [6, [18] [19] [20] , and provide novel insights into breast carcinogenesis.
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